Eyelid fusion normally occurs between E15.5 and E16.5 of mouse embryonic development and results from the migration of a population of periderm-derived epithelial cells over the corneal surface. Cell migration is known to depend on extracellular matrix receptors of the integrin family and to be regulated by growth factors. We were therefore interested that a failure of eyelid fusion has been reported in mice that are homozygous null for the transforming growth factor a (TGF-a) gene and in mice (inva 5 b 1 ) in which a transgenic a 5 b 1 integrin under the control of the involucrin promoter is misexpressed in differentiating keratinocytes. We examined expression of the a 2 b 1 , a 3 b 1 , a 5 b 1 and a 6 b 4 integrins during eyelid fusion in wild-type embryos and found selective upregulation of the a 5 b 1 integrin and its ligand, fibronectin, in the migrating eyelid tip cells. In TGF-a null embryos, the failure of eyelid fusion was correlated with a failure to upregulate the a 5 b 1 integrin and fibronectin in the tip cells. Using b-galactosidase as a reporter gene in transgenic mice, we observed specific activity of the involucrin promoter in the eyelid tip cells. In inva 5 b 1 mice the transgenic human integrin was overexpressed not only in the tip cells but throughout the eyelid epidermis. In contrast, the endogenous, murine, a 5 b 1 integrin was only weakly expressed in the tip cells. We speculate that selective and coordinated expression of the a 5 b 1 integrin and fibronectin in eyelid tip cells is required for eyelid fusion and may be under the control of growth factors that include TGF-a.
Introduction
Eyelid fusion is a developmental process which has been well documented in a number of mammalian species. Fusion is thought to be driven by a population of cells which are derived from the periderm, the outermost layer of the developing epidermis. In mouse embryos these eyelid tip cells stream in from the margins of the eyelid to cover the entire surface of the corneal epithelium between E15.5 and E16.5 (Maconnachie, 1979; Harris and McLeod, 1982; Findlater et al., 1993) . Following fusion, tongues of dermis surrounded by epidermis gradually extend towards the epithelial junction forming a protective barrier over the cornea; the eyelids do not separate until about 12 days after birth.
The proper development of the cornea, lens and retina is postulated to be dependent on eyelid fusion (Pei and Rhodin, 1970) . Mutations in mice, whether spontaneous or targeted, which result in a failure of prenatal eyelid fusion cause a variety of ocular pathologies resulting from subsequent, postnatal, inflammation and corneal damage (Schwartzberg et al., 1991; Luetteke et al., 1993; Mann et al., 1993; Vassalli et al., 1994; Carroll et al., 1995; Fujii et al., 1995) . Although an increasingly large number of transgenic, knockout, and spontaneous mutant mice have been observed to be born with 'open eyes', the primary events involved in eyelid fusion are not known.
The cytokines epidermal growth factor (EGF) and trans- forming growth factor a (TGF-a) stimulate keratinocyte growth and migration (Barrandon and Green, 1987) . Targeted gene disruption of the EGF receptor or TGF-a results in a failure of prenatal eyelid fusion (Luetteke et al., 1993; Mann et al., 1993; Threadgill et al., 1995; Miettinen et al., 1995) , whereas overexpression of TGF-a in the epidermis of transgenic mice results in precocious postnatal eyelid opening (Vassar and Fuchs, 1991; Dominey et al., 1993) . In wild-type embryos TGF-a is specifically expressed in the advancing eyelid tip epithelium and it has been proposed to stimulate migration of these cells (Berkowitz et al., 1996) . Extracellular matrix receptors of the integrin family mediate cell adhesion and migration (reviewed by Huttenlocher et al., 1995) . In the epidermis integrin expression is normally confined to the basal layer, but integrins are also expressed in the suprabasal layers of hyperproliferative epidermis (reviewed by Watt and Hertle, 1994) . Lines of transgenic mice have been created in which a variety of human integrin subunits are targeted to suprabasal keratinocytes via the involucrin promoter (Carroll et al., 1995) . A significant proportion of mice expressing the a 5 and/or b 1 integrin subunits are born with open eyes, whereas mis-expression of the a 2 , a 3 or a 6 subunits does not result in an 'open eye' phenotype (Carroll et al., 1995; Romero et al., 1998) . This suggests that the a 5 b 1 integrin might be specifically involved in eyelid fusion during development.
In view of the potential role of integrins in the migration of eyelid tip cells, we examined integrin expression during eyelid fusion of wild-type mouse embryos. We compared it with expression in TGF-a null mice and transgenic mice expressing the human a 5 b 1 integrin under the control of the involucrin promoter.
Materials and methods

Animals
TGF-a knockout mice (Luetteke et al., 1993) , transgenic mice expressing b-galactosidase (Carroll et al., 1993) or the human a 5 b 1 integrin (Carroll et al., 1995) under the control of the involucrin promoter, and control mice (C57Bl6/CBA or mice heterozygous for TGFa) were examined. The mice were time mated and the morning of the coital plug was designated 0.5 days of gestation (E0.5). Adult pregnant mice were killed by CO 2 asphyxiation, and the embryos were removed and placed in ice-cold PBS.
Histology
Embryos were either subjected to whole-mount staining for b-galactosidase using the method of Byrne et al. (1994) or decapitated. Heads were embedded in OCT and snap-frozen in an isopentane bath in liquid nitrogen. In some experiments, whole-mount stained embryos were decapitated and paraffin sections of the heads were prepared.
Eight-mm frozen sections of heads were cut with a cryostat. The sections were fixed in acetone and stained with primary antibodies to human and mouse integrins as described previously (Carroll et al., 1995) . In addition, an antibody to mouse fibronectin (Biogenesis) was used.
Results
Involucrin promoter activity
In order to test the hypothesis that misexpression of integrins was responsible for the failure of eyelid fusion in integrin transgenic mice, we first examined whether the involucrin promoter was expressed in developing eyelids.
Intact mouse embryos in which b-galactosidase is under the control of the involucrin promoter (invbgal) were stained with X-Gal. At E15.5, prior to eyelid fusion, there was a ring of positive staining at the advancing eyelid margin (Fig. 1A) . When sections through the eye were prepared, the labelled cells were found to correspond to a small population of cells at the leading edge of the advancing lid, with no positive labelling in the surrounding epidermis (Fig. 1B) . X-Gal staining remained confined to these cells as the eyelid margin extended over the cornea and margins from adjacent lids made contact (Fig. 1C) . b-galactosidase activity in the surrounding interfollicular epidermis was not detected until E16.5 and was then confined to suprabasal keratinocytes, as observed in adult epidermis (data not shown; see also Carroll et al., 1993) .
Integrin expression during eyelid development in wildtype embryos
E14.5
At E14.5, before migration of the eyelid over the cornea had begun, expression of the a 2 , a 3 , and a 6 integrin subunits was confined to the basal layer of keratinocytes in contact with the eyelid dermis or corneal stroma ( Fig. 2A,B,D) . In contrast, the a 5 subunit was undetectable in those cells, but was expressed by a small population of keratinocytes at the advancing margin of the eyelid, as well as in the eyelid dermis and corneal stroma (Fig. 2E) . Consistent with its association with the a 2 , a 3 and a 5 subunits, the b 1 integrin subunit was expressed in both basal keratinocytes and eyelid tip cells (Fig. 2C) . We also examined the distribution of fibronectin, the ligand for the a 5 b 1 integrin, and found fibronectin in the connective tissue (eyelid dermis, corneal stroma) and in the eyelid tip cells (Fig. 2F ), but not in the basal keratinocytes, thus in a pattern remarkably similar to that of the a 5 integrin subunit (Fig. 2E) . The epithelial nature of the eyelid tip cells was confirmed by labelling with anti-keratin antibodies, the cells being positive for K14 and K6, but negative for K1 (data not shown; see also Kurpakus et al., 1994) .
E15.5-17.5
Between E15.5 and E16.5 the cells at the advancing tip of the eyelid margin extended over the cornea (Fig. 3) . The a 2 , a 3 and a 6 integrin subunits remained confined to basal epidermal and corneal keratinocytes in contact with the underlying connective tissue (Fig. 3A,B and data not shown), whereas the tip cells were strongly labelled with antibodies to the a 5 integrin subunit (Fig. 3C) . The tip cells also stained positive with antibodies to fibronectin (Fig. 3D) .
Following eyelid fusion, at E17.5, the fused tip cells remained strongly positive for the a 5 integrin subunit (Fig.  4D ) and were no longer labelled with the anti-fibronectin antibody (Fig. 4E) . However, since the relative proximity of adjacent eyelids differs in Fig. 4D and E, it is not clear whether fibronectin loss actually precedes a 5 b 1 integrin loss in the fusion zone. The a 2 , a 3 and a 6 subunits were not detected in fused tip cells and staining was confined to the basal keratinocytes adjacent to the dermis or corneal stroma (Fig. 4A,B and data not shown). The b 1 integrin subunit was present both in the fusion zone and in the cells that were positive for the a 2 and a 3 integrin subunits (Fig. 4C) .
TGF-a knockout and involucrin a 5 b 1 transgenic mice
We examined the eyelids of E17.5 TGF-a null embryos in which the eyelid cells had either failed to initiate migra- tion (Fig. 5A ,C,E) or had begun to migrate but failed to fuse (Fig. 5B,D,F) . Expression of the a 2 , a 3 and a 6 subunits was normal (Fig. 5A,B and data not shown). In the tip there was positive staining for the a 5 integrin subunit and fibronectin, but staining was less extensive than in wild-type embryos at an equivalent stage of migration 2E, F and 3C, D) .
We also examined E16.5 inva 5 b 1 transgenic mice in which eyelid fusion had not occurred (Fig. 6) . As in the case of the TGF-a null embryos, there were embryos in which migration had not been initiated (Fig. 6A,C,E) and embryos in which it had been initiated but was delayed relative to wild-type mice (Fig. 6B,D,F) . Consistent with the pattern of X-Gal staining shown in Fig. 1 , the transgenic human integrins, detected with species-specific antibodies, were expressed in the eyelid tip cells (Fig. 6A,B) . In addition, there was transgene expression in the suprabasal keratinocytes of the epidermis, as would be predicted from the activity of the involucrin promoter at this developmental stage (Fig. 6A,B) . In contrast to the widespread expression of transgenic a 5 b 1 , the endogenous a 5 b 1 integrin was only weakly upregulated in the eyelid tip, less so than in control animals (compare Figs. 6C-E and 3C).
Discussion
Our studies show that in comparison with other integrins a 5 b 1 is distinctly expressed in the eyelid tip cells of wildtype embryos. Expression of the a 2 , a 3 and a 6 integrin subunits was confined to the basal layer of corneal and epidermal keratinocytes, consistent with their expression patterns in mature epithelia (reviewed by Watt and Hertle, 1994 ; see also Stepp et al., 1993) . As in developing human skin (Hertle et al., 1991) , the periderm cells overlying the epidermis did not stain positively for integrins; in contrast the peri- derm-derived eyelid tip cells showed strong labelling for the a 5 b 1 integrin and its ligand, fibronectin. The specific upregulation of the a 5 b 1 integrin and fibronectin in tip cells is particularly intriguing because it has been observed in several models of keratinocyte migration in vivo and in culture (Clark, 1990; Guo et al., 1990; Zambruno et al., 1995 and references cited therein), and because a 5 b 1 expression is sensitive to a wide variety of growth factors (Kim and Yamada, 1997) .
We believe that a 5 b 1 expression plays a role in eyelid tip cell migration, for the following reasons. In eyelids of TGFa null and inva 5 b 1 transgenic embryos with blocked or delayed migration, the mouse a 5 b 1 integrin was absent from the advancing periderm cells and was instead confined to a small group of tip cells distal to the leading edge. We did not examine fibronectin expression in inva 5 b 1 lids, but in TGF-a null lids it was also reduced compared to wildtype embryos. It is striking that in normal mice a 5 b 1 integrin expression is confined to the cell population that expresses TGF-a (Berkowitz et al., 1996) .
In the TGF-a null embryos there is strong circumstantial evidence (see Section 1) to suggest that the failure of eyelid fusion is due to a lack of TGF-a-stimulated proliferation or migration (Berkowitz et al., 1996) . Migration could be influenced by modulating expression of integrins or their ligands (see e.g. Chen et al., 1993) or via the known synergy between integrins and growth factors in signalling (Miyamoto et al., 1996) . Possible actions of a wide range of growth factors on integrin levels and signalling (see e.g. Kim and Yamada, 1997) might also provide an explanation for the 'open eye' phenotype of several other transgenic, knockout and spontaneous mutant mouse lines (see e.g. Schwartzberg et al., 1991; Vassalli et al., 1994) , and it is worth noting that the lidgap-Gates mutation for open eyelids at birth maps to the region of mouse chromosome 13 where the a 1 and a 2 integrin subunit genes lie (Juriloff et al., 1996) .
The mechanism by which eyelid migration is inhibited in inva 5 b 1 mice is less obvious. However, there are some clues. First, the effect is specific: mice expressing the a 5 and/or b 1 integrin subunits are born with open eyes, whereas mice expressing the a 2 , a 3 or a 6 subunits under the control of the involucrin promoter are not (Carroll et al., 1995; Romero et al., 1998) . Second, the transgenic a 5 b 1 integrin is functional in mediating keratinocyte adhesion to fibronectin (Carroll et al., 1995; Romero et al., 1998) . Third, the proportion of mice born with open eyes in a given b 1 founder line is higher in animals homozygous for the transgene (34/55 mice in six litters of the 0840 line) than in heterozygous animals (8/62 mice in eight litters), suggesting that there is a gene dosage effect.
Two emerging concepts that concern the role of integrins in cell migration are relevant. It is clear that cell motility depends on an intermediate level of integrin expression: at lower or higher levels motility is inhibited (Huttenlocher et al., 1995) . Cell locomotion also depends on spatial asymmetry in adhesion strength (Lauffenburger and Horwitz, 1996) ; in the case of the eyelid we propose that the asymmetry is at the level of differences in adhesiveness between the a 5 b 1 -positive cells and their a 5 b 1 - negative neighbours. As to why expression of the endogenous a 5 b 1 integrin is altered in a 5 b 1 transgenic mice, it is possible that there is some feedback mechanism where-by migration normally stimulates a 5 b 1 and fibronectin expression directly or via cytokine release. Alternatively, expression of the transgenic integrin may interfere with the expression or function of the endogenous integrin by some unknown mechanism.
Eyelid fusion is an interesting morphogenetic process and one that is crucial for normal eye development, yet the molecular mechanisms have been largely unstudied. Our analysis suggests that a 5 b 1 expression by the migrating tip cells is important and may be regulated by growth factors either produced by the tip cells or the surrounding tissue. The discovery that the involucrin promoter is specifically activated in the tip cells prior to activation elsewhere in the periderm and epidermis provides an opportunity to examine the molecular basis of eyelid fusion in greater depth.
